Abstract-One of the most hotly debated and polarizing issues in cardiac surgery has been whether coronary artery bypass grafting (CABG) without the use of cardiopulmonary bypass or cardioplegia (off-pump CABG, or OPCAB) is superior to that performed with the heart-lung machine and the heart's being chemically arrested (standard CABG). Various clinical trials are reviewed comparing the 2 surgical strategies, including several large retrospective analyses, meta-analyses, and the randomized trials that address different aspects of standard CABG and OPCAB. Although definitive conclusions about the relative merits of standard CABG and OPCAB are difficult to reach from these varied randomized and nonrandomized studies, several generalizations may be possible. Patients may achieve an excellent outcome with either type of procedure, and individuals' outcomes likely depend more on factors other than whether they underwent standard CABG or OPCAB. Nevertheless, there appear to be trends in most studies. These trends include less blood loss and need for transfusion after OPCAB, less myocardial enzyme release after OPCAB up to 24 hours, less early neurocognitive dysfunction after OPCAB, and less renal insufficiency after OPCAB. Fewer grafts tend to be performed with OPCAB than with standard CABG. Length of hospital stay, mortality rate, and long-term neurological function and cardiac outcome appear to be similar in the 2 groups. To definitively answer the remaining questions of whether either strategy is superior and in which patients, a large-scale prospective randomized trial is required. (Circulation. 2005;111:2858-2864.)
these studies. Because of space constraints, this article cannot be an exhaustive review of studies that have compared the 2 strategies on clinical or physiological grounds. It is the purpose of this consensus article to briefly review selected clinical data comparing OPCAB with standard CABG and to summarize the relative merits of and indications for the 2 strategies for myocardial revascularization.
Retrospective Studies
Because techniques of OPCAB have markedly improved during the past several years and many surgeons have reached a plateau on the "learning curve," older studies may not be as useful for comparison. A retrospective study by Racz et al 1 analyzed Ͼ68 000 patients treated in New York state between 1997 and 2000. Of these patients, Ͼ9000 revascularizations were performed off pump. Of those patients undergoing OPCAB, there were higher proportions of older patients; women; and patients with low ejection fraction, previous CABG, stroke, peripheral vascular disease, left ventricular hypertrophy, congestive heart failure, calcified aortic disease, and renal failure. In the standard CABG group, a high number of patients had acute myocardial infarction (MI), shock, cardiopulmonary resuscitation, and left main disease, as well as more diseased arteries than in the OPCAB group. Thus, a comparison is difficult to make; however, risk-adjusted mortality was not different between the groups. In this study, no significant difference was found in the incidence of death, perioperative MI, wound infection, renal failure requiring dialysis, or respiratory failure. There were, however, significantly higher rates of stroke (2.0% versus 1.6%, Pϭ0.003) and bleeding requiring reoperation (2.2% versus 1.6%, PϽ0.001) in the standard CABG group. A significantly higher risk of gastrointestinal complications (1.2% versus 0.9%, Pϭ0.003) was observed in the OPCAB group. Hospital length of stay was longer in the standard CABG group by 1 day. At 3-year follow-up, patients in the standard CABG group had a higher survival rate (89.6% versus 88.8%, Pϭ0.022) and need for repeat revascularization (percutaneous coronary intervention or CABG, 84.7% versus 82.1%, PϽ0.0001). In data from the last 2 years of the study (ie, excluding the first year), the survival benefit disappeared but the freedom from death and revascularization remained. The authors concluded that patients undergoing standard CABG with CPB have better rates of long-term survival and freedom from repeat revascularization.
In another retrospective nonrandomized study, Mack et al 2 reviewed 17 401 patients (7283 OPCAB) who underwent surgery between 1999 and 2001. The percentage of patients with congestive heart failure, chronic obstructive pulmonary disease, renal failure, stroke, peripheral vascular disease, and previous CABG was higher in the OPCAB group. The unadjusted mortality rate was 1.9% in the OPCAB group, versus 3.5% in the standard CABG group (PϽ0.001). Propensity matching was done in all patients with multivessel disease to minimize selection bias and to provide for similar predicted risks for multiple variables. In the propensity-matched groups, the mortality rate was 2.2% in the OPCAB group, versus 3.7% in the CPB group (PϽ0.001). The rate of complications was significantly lower in the OPCAB group, including overall number of complications, use of blood products, wound infection, reoperation for bleeding, atrial fibrillation, permanent stroke, gastrointestinal and respiratory complications, renal failure, MI, and multiorgan failure. Only transient stroke, reoperation for graft occlusion, and pulmonary embolus were not significantly different between the groups. These authors concluded that OPCAB is associated with less morbidity and mortality and that patients at high risk tend to yield the most benefit (ie, women, older adults, and patients undergoing reoperation).
The Cleveland Clinic reviewed a retrospective series of 812 propensity-matched patients (out of a total of 3712 patients undergoing isolated CABG during a 4-year period), with 406 patients in both the standard CABG and OPCAB groups. 3 Patients in both groups were well-matched with regard to multiple preoperative variables, except that peripheral vascular disease and previous stroke were more common in the OPCAB group and NYHA classification was higher in the standard CABG group. Standard CABG patients received a greater number of bypass grafts (3.5Ϯ1.1 versus 2.8Ϯ1.0, PϽ0.001) and had less incomplete revascularization (18% versus 31%, PϽ0.001) than did OPCAB patients as judged by the operating surgeon. Death, stroke, and MI were similar in both groups. OPCAB patients had less frequent renal failure requiring dialysis (1.5% versus 0%, Pϭ0.03), red blood cell use (53% versus 42%, Pϭ0.002), and sternal wound infections (2.0% versus 0.2%, Pϭ0.04). The median follow-up period was 3.8 years for the standard CABG patients and 2.6 years for OPCAB patients. Rates of survival and freedom from MI and coronary reintervention were not significantly different, either alone or in combination, between groups. These authors concluded that mid-term outcomes with OPCAB and standard on-pump CABG were equivalent.
Meta-Analyses
This section briefly examines the results of the 2 strategies described in meta-analysis studies published between 1997 and 2003, in which large groups of patients from several institutions were reviewed. Reston et al 4 reviewed 53 studies, of which 10 were randomized control trials, 5 were prospective controlled trials, and 38 were retrospective controlled studies. The total review involved 46 621 patients. These authors found significantly less MI, stroke, reoperation for bleeding, renal failure, atrial fibrillation, and wound infection in the OPCAB group in the short term. In terms of mid-term outcome, the recurrence of angina was no different (odds ratio [OR] 
Prospective Randomized Trials
The best of the large clinical trials remain those that are prospective, randomized, blinded studies. In this setting, however, such studies would be difficult to design because the surgeon performing the operation, anesthesiologist, nurses, and other personnel clearly know which patient received what type of operation, and thus there may be bias in the treatment of the patients during and after surgery.
A multicenter prospective randomized study was performed by Gerola and colleagues 6 in Brazil and involved 160 selected low-risk patients with 1-or 2-vessel coronary artery disease. The exclusion criteria included left ventricular dysfunction (ejection fraction Ͻ35%), renal failure, left circumflex territory lesions, urgent or emergent procedures, hemodynamic instability, concomitant significant carotid disease, age Ͼ70 years, and other comorbidities such as hepatitis, AIDS, and morbid obesity. No significant difference was seen in time to extubation, pulmonary complications (anything causing hypoxia), MI, postoperative blood loss, need for blood transfusions, wound infections, neurological dysfunction, or atrial fibrillation. Length of stay in the intensive care unit (ICU) was similar. Postoperative length of stay was not significantly different (8.0Ϯ3.1 days in the standard CABG group versus 7.6Ϯ3.4 days in the OPCAB group [Pϭ0.75]). On the other hand, creatine kinase-MB levels were significantly higher in the standard CABG group at 0 (Pϭ0.0001), 8 (Pϭ0.0014), and 16 (Pϭ0.0071) hours postoperatively, as compared with the respective levels in patients in the OPCAB group. Enzyme release was not different at 24 hours. The number of patients requiring vasoactive drugs in the postoperative period was higher in the standard CABG group (23.8% versus 8.8% patients, Pϭ0.004). Mortality rate was not significantly different between groups (3.7% versus 1.2%, Pϭ0.62). The authors concluded that in these groups of patients neither procedure was superior to the other.
A single institutional trial was undertaken by Straka and colleagues 7 in the Czech Republic. This study involved 400 consecutive, unselected patients randomized to standard CABG or OPCAB. The only exclusion criterion was the need for an emergency operation. There were no significant differences between groups in postoperative mortality, MI, stroke, atrial fibrillation, wound infections, or renal failure requiring dialysis. The number of distal anastomoses for patients was higher in the standard CABG group (2.7 versus 2.3, PϽ0.001). The total blood loss was higher in the standard CABG group (680 versus 560 mL, PϽ0.001), but the number of transfused patients and reoperations for bleeding was not significantly different. Creatine kinase-MB levels were higher at 6, 18, and 36 hours after surgery in the standard CABG group, as compared with the respective levels in the OPCAB group (PϽ0.001). The time to extubation, length of ICU stay, and total hospital length of stay were not significantly different between groups. The authors concluded that the OPCAB strategy can be applied widely to unselected patients and is as safe and effective as conventional standard CABG.
The results of a single institutional trial were reported from Emory University by Puskas and colleagues. 8 Two hundred patients were randomized to standard CABG or OPCAB. Candidate targets for revascularization were determined before randomization. The only exclusion criteria were the presence of cardiogenic shock or preoperative intra-aortic balloon pump. There were no significant differences between groups in terms of mortality, reoperation for bleeding, MI, arrhythmias, stroke, new renal failure and/or dialysis, wound infections, or operative time. The authors' conclusions were that the OPCAB strategy provides complete revascularization with reduced myocardial injury, transfusion requirements, and length of stay.
Recently, Puskas and colleagues reported additional results from the above study in a separate article. 9 They reported graft patency, clinical and quality-of-life outcomes, and cost among patients while in the hospital and at 1-year follow-up in the OPCAB and CABG groups. They found that graft patency was similar for the OPCAB versus the standard CABG group at 30 days (absolute difference, 1.3%; Ϫ0.66% to 3.31%; Pϭ0. 19) and at 1 year (absolute difference, Ϫ2.2%; Ϫ6.1% to 1.7%; Pϭ0.27). There were no differences in the rates of death, stroke, MI, angina, or reintervention up to 1 year. The true generalizability of this study may be questionable because the pattern of referrals to this surgeon may favor patients who are suitable for OPCAB.
Another recent trial by Khan et al 10 was carried out at the Royal Brompton Hospital in London and involved 103 patients who required at least 3 grafts (as determined by preoperative angiography) and were randomized to standard CABG or OPCAB. Exclusion criteria included recent stroke or MI (6 months/3 months), age Ͻ30 or Ͼ80 years, carotid stenosis Ͼ70%, and a left ventricular ejection fraction Ͻ20%. The groups were similar with regard to preoperative variables, except that the number of planned grafts was higher in the standard CABG group than in the OPCAB group. The authors emphasized that the patients were randomized after their angiograms had been reviewed and the need for Ͼ3 grafts per patient determined. The groups were similar with regard to completeness of revascularization, territories grafted, and subjective native vessel quality. There were no deaths in either group. The time to extubation and lengths of ICU stay and hospital stay were not significantly different. There were 2 reoperations for bleeding in the standard CABG group versus 0 in the OPCAB group (Pϭ0.13). Whereas blood loss was not significantly different (898Ϯ434 mL in the standard CABG group versus 1031Ϯ552 mL in the OPCAB group; PϭNS), more patients required transfusion of both packed red blood cells (32 versus 20 patients) and clotting factors (14 versus 2 patients) in the standard CABG group than in the OPCAB group. Troponin levels were higher in the standard CABG group at 6 (PϽ0.001) and 12 hours (PϽ0.001) but were not different at 24 hours. Of the 103 patients, 82 were reevaluated and underwent angiography at 3 months. There were no deaths, strokes, or MIs, and Canadian Cardiovascular Society/NYHA classes were similar at 3 months. The striking finding in this study was that graft patency was 98% in the standard CABG group and 88% in the OPCAB group (Pϭ0.002). Graft patency of the left anterior descending graft was 100% in the standard CABG group and 92% in the OPCAB group (Pϭ0.07). Circumflex graft patency was 95% in the CPB group and 87% in the OPCAB group (Pϭ0.25). Right coronary artery graft patency was 100% in the standard CABG group and 84% in the OPCAB group (Pϭ0.01). The left internal thoracic artery graft patency was 100% in the standard CABG group and 92% in the OPCAB group (Pϭ0.05). The patency of the radial arteries operated on in this study was 100% in the standard CABG group and 76% in the OPCAB group (Pϭ0.01). Saphenous vein graft patency was 95% in the standard CABG group and 91% in the OPCAB group (Pϭ0.42). The authors concluded that OPCAB may not be widely applicable but may have a role in selected patients with good targets or serious comorbidities. The reduced graft patency at 3 months in the OPCAB group has been questioned by other investigators, and this study has been criticized because of the perceived inexperience of the surgeons and other issues.
Finally, Nathoe et al 11 performed a multicenter study involving 281 patients, 142 of whom underwent OPCAB. Patients in this study had predominantly 1-or 2-vessel coronary artery disease. Patients were excluded from this study if they required emergency surgery, had a recent MI, or had poor left ventricular function. The mean number of grafts was similar in both groups, with 2.6 in the standard CABG group and 2.4 in the OPCAB group. No significant difference was observed between groups in the primary composite end points of freedom from death, MI, stroke, and revascularization. No significant difference was observed between groups with regard to the secondary end points of freedom from angina and myocardial ischemia (as demonstrated by exercise stress test). Seventy patients (63.6%) underwent angiography at 1 year (42 on pump and 28 off pump). Unfortunately, 36.4% of patients declined to undergo angiography because of a lack of symptoms. In contrast to the prior study, no significant difference in graft patency was seen between the groups. Overall patency rates were 93% and 91%, respectively, in the CABG and OPCAB groups (absolute difference, 2.0%; CIϭϪ6.5 to 10.4). Nathoe et al concluded that there was no significant difference in cardiac outcome between on-pump CABG and OPCAB.
The following sections discuss prospective randomized trials of patients at high risk of neurological morbidity, patients with poor left ventricular function, patients who are at high risk by virtue of multiple comorbidities, older adult patients, patients with an atheromatous aorta, and patients who have had a recent acute MI.
Patients With Neurological Morbidity
Multiple studies with transcranial Doppler have suggested higher rates of cerebral embolization in CPB patients than in OPCAB patients. Most studies that examine neurocognitive function show slightly more decline among standard CABG patients relative to OPCAB patients in the short term (Ͻ2 to 3 months) but fail to show significant differences at 1 year. 12 Quality-of-life assessments have not been shown to be significantly different at 1 year. [13] [14] [15] 
Patients With Left Ventricular Dysfunction
Three recent studies have reviewed, in a retrospective nonrandomized fashion, the outcomes of patients with left ventricular ejection fractions Ͻ35% undergoing surgical revascularization. The OPCAB patients tended to have higher NYHA class scores, fewer recent MIs, and more type 1 diabetes mellitus but otherwise were well matched for other variables. In 2 of the 3 studies, standard CABG patients had significantly more grafts, with the third study showing a trend toward more grafts. There were no significant differences in MI, renal failure, reoperation for bleeding, wound infections, or stroke. Thirty-day mortality rates tended to be higher in the standard CABG patients than in the OPCAB group (14.1% versus 6.6%, Pϭ0.05). 16 In one study, mid-term survival was slightly higher at 1 (92% versus 85%), 2 (90% versus 82%), and 3 (87% versus 73%) years, respectively, in the standard CABG group than in the OPCAB group, but the differences were not statistically significant. 16 -18 
Patients With Multiple Comorbidities
Four recent studies reviewed, in a retrospective nonrandomized fashion, patients who were considered high risk because of the presence of multiple preoperative comorbid factors. These risk factors included recent MI, left main disease, left ventricular dysfunction, renal failure, previous stroke, unstable angina, heart failure, shock, chronic obstructive pulmonary disease, age Ͼ70 years, and urgent or emergent surgery. 19 -22 The mean age at the time of operation was significantly higher in the OPCAB group in one study 21 and tended to be higher in another. 22 More patients in the standard CABG group had unstable angina, severe heart failure symptoms, and 3-vessel disease. The OPCAB patients tended to have higher numbers of risk factors. There were no significant differences for the majority of preoperative risk factors. In 2 studies, the number of grafts placed was greater in the standard CABG group than in the OPCAB group, but the numbers were similar in the other studies. Mortality was significantly higher in the standard CABG group in one study and not different in the other 3 studies. ICU and hospital length of stay were lower in the OPCAB group. In these reports, postoperative blood loss, need for transfusion, arrhythmias, and ventilation time were higher in the standard CABG group than in the OPCAB group. Perioperative MI was lower in the OPCAB group in one study but was not significantly different in the other 3 studies. Neurological, renal, and infectious complications were similar in all studies. Only one study looked at mid-term outcomes (mean follow-up, 16Ϯ9 months) and found that cardiac death (Pϭ0.001), recurrent ischemia (PϽ0.0001), and graft dysfunction (Pϭ0.05) all were significantly higher in the OPCAB group. 22 
Older Adult Patients
Two retrospective and nonrandomized studies reviewed the specific subgroup of older adult patients. In one study, patients Ͼ75 years old were examined, and in the other study, patients were Ͼ80 years old. Preoperative characteristics were similar in both studies. The number of grafts placed was higher in the standard CABG groups in both studies. 23, 24 The incidence of stroke, prolonged respiratory failure, bleeding, transfusions, and ICU and hospital length of stay all were higher in the standard CABG groups than in the OPCAB group. Reoperation for bleeding, MI, renal failure, wound infections, and operative mortality were not significantly different. One study had mid-term follow-up data, and no significant difference between groups for overall survival and event-free survival was observed.
Patients With Atheromatous Aorta
Two retrospective and nonrandomized studies addressed the question of whether coronary revascularizations in patients with a severely atheromatous aorta should be performed off pump. 25, 26 Both studies used propensity matching to identify an equal number of patients in the OPCAB and standard CABG groups with similar preoperative characteristics and intraoperative transesophageal echocardiography findings of severe ascending aortic atheromatous disease. Mortality and stroke were higher in the standard CABG groups in both studies. The first study by Sharony et al 25 reported an in-hospital mortality rate of 11.4% for standard CABG, versus 3.8% for OPCAB (Pϭ0.003), and a stroke rate of 4.7% for standard CABG, versus 2.4% for the OPCAB group (Pϭ0.08). In their second study 1 year later, they reported an in-hospital mortality rate of 11.4% for the standard group and 6.5% for OPCAB (Pϭ0.058) and a stroke rate of 5.7% versus 1.6% (Pϭ0.03). 26 Freedom from any complication was higher in the OPCAB group in both studies. Three-year follow-up was done in both studies, with one study showing increased survival in the OPCAB group and the other showing no significant difference. 25, 26 It is thought that the decreased rate of complications in the OPCAB group is the result of the decreased clamping of the difficult aorta for that technique.
Patients With Acute MI
A retrospective study from Israel reviewed 225 patients undergoing CABG soon after acute MI (106 CABGs were performed off pump), 27 and all patients had similar preoperative characteristics. All operations were performed on patients within 1 week of experiencing an acute MI. The OPCAB group had significantly more patients with 1 or 2 grafts, and standard CABG patients had significantly more patients with Ն3 grafts. The standard CABG patients had more bilateral internal thoracic artery grafts (58% versus 1.9%, PϽ0.001) and more circumflex grafts (90% versus 11.5%, PϽ0.001). The mortality rate was higher in the standard CABG group (12% versus 3.8%, Pϭ0.027), but the majority of deaths occurred in patients undergoing standard CABG within 48 hours of MI. The mortality rate of patients operated on Ͼ48 hours after MI was not significantly different (5.8% versus 3.4%, Pϭ0.44). Late mortality was lower and freedom from angina and reintervention was higher in the standard CABG group, with a follow-up of 2 to 9 years. 27 
Summary
Although definitive conclusions about the relative merits of standard CABG and OPCAB are difficult to reach from these varied randomized and nonrandomized studies, several generalizations may be warranted (Table) . Patients may achieve an excellent outcome with either type of procedure, and individuals' outcomes likely depend more on factors other than whether they underwent standard CABG or OPCAB. Mortality rates vary between Ͻ1% to Ͼ6% in most databases, and thus the skill of the surgeon, quality of the institution, and systems approach play a much greater role in determining the outcome after surgical coronary revascularization.
There appear to be trends in most studies, however. These trends include less blood loss and need for transfusion after OPCAB, less myocardial enzyme release after OPCAB up to 24 hours, less early neurocognitive dysfunction after OPCAB, and less renal insufficiency after OPCAB. Of note, patients who require urgent or emergent conversion from off-pump to on-pump revascularization have a much greater risk of mortality, postoperative cardiac arrest, and multisystem organ failure than do patients initially undergoing on-pump CABG. 28, 29 In addition, fewer grafts tend to be performed with OPCAB than with standard CABG in many studies, and no study in the literature reports more grafts being placed with OPCAB. Length of hospital stay, mortality, and long-term neurological function and cardiac outcome appear to be similar in the 2 groups. A recent report from a prospective study suggested that graft patency may be significantly lower with OPCAB than with standard CABG, 10 but this needs to be verified or dismissed by additional prospective randomized studies. The greatest utility for OPCAB is probably the severely calcified or diseased aorta in which manipulation or clamping of the aorta can be associated with dire neurological consequences. To definitively answer whether either strategy is superior and in which patients, a large-scale prospective randomized trial will be required in which the surgeons and other physicians caring for the patient do not have prior knowledge of the operation the patient is to undergo. Also, optimally, the surgeon should not know the revascularization strategy until just before entering the operating room, and subsequent caregivers in the ICU should remain blinded after surgery. Finally, the surgeons should be equally skilled with either type of procedure. Surgeons who perform either OPCAB or standard CABG almost exclusively should not be part of such a study. Criticism has been aimed at Khan et al with regard to the relative inexperience of the surgeons in their study in performing off-pump surgery. 10 On the other side, there is the question of a randomized study performed by a single surgeon whose referral pattern may reflect those cases more easily amenable to OPCAB. Such a trial will be difficult to design and execute. The need for such a large prospective trial was suggested at a recent NIH working group composed of cardiac surgeons and other clinicians. The Department of Veterans Affairs currently is enrolling patients into a large prospective trial. Ultimately, whether a patient benefits more from standard on-pump CABG or OPCAB may depend more on the familiarity, comfort, and skill of the individual surgeon with either procedure than on an intrinsic benefit. Both the OPCAB and standard CABG procedures usually result in excellent outcomes, and neither should be judged to be inferior to the other.
